Patients with homozygous alpha1 antitrypsin deficiency present a unique opportunity for evaluation of the pulmonary vasculature in primary emphysema. In five patients, the detailed angiographic appearance of small (0.2-2.0 mm diameter) muscular pulmonary arteries, shown by wedge arteriography, was correlated with the results of right heart catheterization during the control hypoxemic state (average arterial Po2 50 mm Hg), the administration of oxygen (average arterial Po2 90 mm Hg), and a constant infusion of aminophylline. In all patients, wedge arteriograms in the lower zones of the lungs showed a sparsity of arborization and a diminished background blush of capillary filling. These abnormalities were in the areas of diminished pulmonary blood flow, as indicated by the pulmonary scintiscans and the capillary phase of pulmonary arteriograms. The administration of oxygen and of aminophylline produced an increase in the diameter of arteries 0.5 to 2 mm in diameter on the wedge arteriograms of some of the patients. The average pulmonary arterial mean pressure, 30 mm Hg, and average pulmonary vascular resistance, 300 dyne-sec-cm-5, were both elevated during the control hypoxemic state and decreased in each patient during the administration of oxygen and of aminophylline. This study demonstrates abnormalities of the small pulmonary arteries in patients with alpha1 antitrypsin deficiency. These abnormalities may be responsible for pulmonary hypertension and altered regional perfusion. Additional Indexing Words: Primary emphysema Pulmonary Pulmonary hemodynamics PATIENTS with homozygous alpha1 antitrypsin deficiency have unique examples of primary pulmonary emphysema. Emphy-arteriography Wedge arteriography sema in such individuals is not preceded by bronchial asthma, bronchiectasis, or chronic bronchitis and, in general, is not complicated by these disorders." 2 Therefore, such patients permit the investigation of the effects of essentially uncomplicated pulmonary emphysema upon the pulmonary vasculature. The cause of pulmonary hypertension and cor pulmonale in emphysema has not been established. The relative roles of vasospasm and destruction of the pulmonary vascular bed are unclear. Pulmonary hypertension and increased pulmonary vascular resistance have been noted in previous studies of patients with chronic obstructive pulmonary disease.3'4 Such studies, of necessity, have dealt with a 227
mixed population of patients with bronchitis and emphysema. The purpose of this study was the investigation of the pathophysiology of the pulmonary vasculature of patients with primary emphysema associated with alpha, antitrypsin deficiency. Pulmonary hemodynamics, regional pulmonary perfusion, detailed angiographic studies of the small pulmonary vessels, and the effects of oxygen and aminophylline were evaluated in an attempt to correlate apparent morphological abnormnalities with physiological measurements. It is hoped that such an approach to the study of the pulmonary vasculature may lead to a better understanding of the disordered pulmonary circulation in this form of emphysema.
Methods
Pulmonary wedge arteriograms, pulmonary arteriograms, right-sided hemodynamics, and pulmonary scintiscans were studied in five patients with pulmonary emphysema associated with hereditary homozygous alpha1 antitrypsin deficiency. The definitive diagnosis of antitrypsin deficiency was established on the basis of a low inhibitory capacity for serum trypsin. Each patient clearly fell into the clinical pattern of primary pulmonary emphysema as desci4bed by Reid.5 Each patient had an insidious onset of dyspnea during the third or fourth decade of life with minimal cough and minimal sputum production developing later in the course of his disease. All were severely disabled by dyspnea on exertion or at rest. All demonstrated severe airway obstruction and hypoxemia (table 1). Hemodynamic and angiographic studies in each patient were performed during a compensated state of his disease.
Serum trypsin inhibitory capacity was assayed by the method of Eriksson.' Values for trypsin inhibitory capacity ranged from 0.14 to 0.26 mg of trypsin inhibited per milliliter of serum. These values were in the range reported by Eriksson as indicative of homozygous deficiency. Normal values for this laboratory are 1.08 mg/ml, with a standard deviation of ±0.17 mg/ml. The alpha1 globulin band on serum protein electrophoresis was nearly undetectable in all cases.
Each patient had a pulmonary scintiscan performed after an intravenous injection of 200-225 ,Ci of macroaggregates labeled with 1311 of albumin (Albumatope-LS, E. R. Squibb & Sons, New York, N. Y.). The injection was carried out with the patient breathing deeply in Ine., Oberlin, Olhio) Pulmonary vascutlar resistance anidliglht veintricutlar. work were calculated according to the method of Dexter anid associates."; The partial pressuire of oxygen, partial presstire (f carbon dioxide, anicd pH of arterial 1lo10( xvei e measired o1) an Instrumentation Laboratory blood gas analyzer (Instr.umein-tation Laboratory, Inc., Lexington, Mass.).
Hemodn(lvamic studies and pulmonary wedge arteriograms xvere r-ecorded (luring a contr-ol peiiocl dwitlh the patient breathing room air, after patienits breathing rioom air. The otlher patient incJreased his arterial oxyvgen to within the range of nlormal during the adminiistration of oxygen. Conitrol sttudies in that patient were excluded.
The morphological appearance of the srnall pulmonary arteries xvas shown by pulmonary wedge arteriographv.7 The tip of the cardiac catheter was placed in the pulmonary wedge positioni an-d 1 ml of contrast material xvas injected inlto the (listal portion of the puilmonary artery anid pulmonary capillary beds. Wedge arteriogr-ams we re obtained both bv the single film teclhique and oni 35 mm cine. The txx o methods supplemented each other. The former, with high i.esolution, fine grain film, showed remarklable detail of the small vessels. The latter showed all phases of flow (arterial, capillary, and venous), and prevented e-rors of interpretation that may lhave occurred with the single film teclhnliquie alone. Pullmoniary wedge arteriograms with the single film techhniquie can delineate ptulmonarv vessels as small as 0.1 mm in Circulation, Volume XLIII, Februar} 1971 diameter.s8 ' The capability of wedge arteriograms to show vessels of this order of magnitude xvas confirmed in this study by comparison of the (liameter of visulalized vessels with the diameter of the catheter, which was 2.3 mm. Vessels of 0.2 mm diameter were sharply defined. Smaller vessels were visible, but less clearly shown ( fig.  1 ). Pulmonary wedge pressure wvas measured before the recording of pulmonary wedge arteriograms in order that we might be certain that the catheter wxas properly located in the pulmonary wedge positionl. Then 1 ml of 60% meglumine diatrizoate (Hypaqlue Meglumine) was injected and a single film was taken just at the conclusion of the in-jection, uising Cronex II film (E. I. du Ponit de Nemours & Co., Wilmington, Del.) in a caridboard cassette with a single Radelin ultradetail screen (U. S. Radium Corp., Morristown, N.J.). We then obtained pulmonary ciin6 vedge arteriograms by fluishiing the residulal contents of the catlheter wvhile recording on 35 mm Kodak double X film (Eastman Kodak Co., Rochester, N.Y.) at 64 frames/sec. We evaluated both single filmi and cine wedge arteriograms by comparing them to over 70 wedge arteriograms obtain-ed routinely in patici-its (luring diaginOstic cardiac catheterization. Evalulationis were suppor-ted by previouis studies in 20 normal mongrel dogs. Examples of a niormal wedge arteriogramn ( fig. 1 ) and normal cine wedge arteriograms ( fig. 2 ) are shown. We measured rate of flow of contrast material through the small pulmon-arv vessels from the cin6e arteriogr-anms by counting frames.
Drug interventions (oxygen and aminophylline)
were peiformed with the position of the catheter unichaniged in the xvedge position so that the effects of each uipon the angiographic appearance of the small vessels could be compared. All hermodlviamnic studies were perforined before significalnt voluimes of contrast material were administered. A maximum of 2.5 ml of contrast material was used for each set (cine anid single film) of xvedge arteriograms.
At the conclusion of lhemodvnamic stuidies, a pulmonarv arteriogram was obtainled during the injection of 60 ml of 75% sodium and meglumine diatrizoates (Hypaque-M) into the main portion of the pulmonary artery as previously described.'0 Only, two of the five patients studied were conlsi(lerel well enioLugh to) undergo a holus injectoion of contrast material. 
Results
Pulmonary vedge arteriograms of vessels of the lower zones of the lung in all patients showed a diminished number of branches of 0.2 to 1.0 mm diameteLr, in comparison to wedge arteriograms in normal patients. These are illustrated, with the pulmonary arteriograms, scintiscans, and plain films, in figures 3-6. The density of the capillary blush on eine xvedge arteriograms was reduced ( fig. 7 ). The rate of flow of contrast material through the distal vessels and capillary bed was also reduced, as shown on cine wedge arteriograms (figs. 2 and 7). Pulmonary wedge arteriograms of vessels in the middle and upper zones of the lungs showed fewer abnormalities than wedge arteriograms in the lower zones. The number of arteries 0.2 to 1 mm in diameter, the number of fine branches, and the amount of capillary blush appeared normal or nearly normal in these areas. Arteries of 0.5 to 2 mm diameter increased in size during the administration of oxygen in two patients and during the administration of Czrculation, Volume XLIII, February 1971 aminophylline in three ( fig. 8 ). The arteries of one patient showed a slight decrease in diameter while breathing oxygen. The density of the capillary blush seen on cine arteriograms clearly increased in one patient during the administration of oxygen. An intrapulmonary arteriovenous shunt was shown in one patient ( fig. 9 ).
Puilmonary arteriograms in these patients showed slowness of filling of the major xessels in the lower zones (figs. 4 and 6). Arteries of the lower zones appeared pruned, and capillary hypoperfusion was apparent in these areas. There were no cut off vessels or intraluminal filling defects. The configuration of the small arteries and capillary perfusion appeared normal in the upper zones.
Abnormalities of the pulmonary vasculature shoiwn on pulmonary arteriograms and wedge arteriograms were in the same areas of the lung as the regions of hypoperfusion shoxn on pulmonary scintiscans. Arteriograms and scintiscans in all patients showed diminished perfusion of the lower zones with relatively 231 I STEIN ET AL. normal perfusion of the upper zones (figs. [3] [4] [5] [6] .
The partial pressure of oxygen in arterial blood during control studies ranged from 44 to 56 mm Hg, average 50 mm Hg, ( fig. 10 ). During the administration of oxygen, the partial pressure of oxygen increased in each patient to an average of 90 mm Hg. During the administration of aminophylline, average partial pressure of oxygen increased, but changes were less prominent than those showZn during the administration of oxygen.
Pulmonary arterial mean pressure (average 30 mm Hg) was elevated in each patient during the control state. During the administration of oxygen, pulmonary arterial mean pressure decreased in each patient to an average of 25 mm Hg (P<0.05). Pulmonary arterial mean pressure also decreased in each patienit during the administration of aminophyllinie (P < 0.05).
The axerage cardiac index was normal (3.0 liters/min/m2 ) during control studies. Small and variable changes were shown during the administration of oxygen and during the administration of aminophylline.
Pulmonary vascular resistance wxas elevated in each patient (average 300 dyne-sec-cm-) during control studies. Pulmonary vascular resistance decreased in each patient during the administration of oxygen (P <0.02) and also during the administration of aminophylline, but the latter changes were not statistically significant. with primary pulmonary emphysema associated with alpha, antitrypsin deficiency. Vascular abnormalities were characterized by a diminution of the number of small arborizing vessels, diminished capillary filling, and in one patient, an arteriovenous shunt. These abnormalities of the pulmonary vasculature produced an abnormal pulmonary blood flow. The lower zones were underperfused as shown by slo'N ness of arterial filling, a diminished capillary phase on arteriograms, and diminished radioactivity on scintiscans. Abnormalities of the vasculature were reflected by an elevated pulmonary arterial pressure and elevated pulmonary vascular resistance. Consequently, work performed by the right ventricle was also elevated.
Some of the abnormalities of the pulmonary vasculature observed in this study have been described in patients with emphysema not associated with alpha, antitrypsin deficiency.
Capillary hypoperfusion and slowness of filling of pulmonary arteries has been shown after bolus injections of contrast material into the main pulmonary artery.'0 Wedge arteriograms have shown attenuated vessels with a sparsity of branches.8 Pulmonary arteriovenous shunts have been demonstrated by wedge arteriography in some patients. 8 11 In this study, the arteriovenous shunt was shown by cine wedge arteriography. This technique shoxved conclusively that such an abnormal commurnication was present, and eliminated any doubt that may have arisen if only the single film technique had been u-tilized.
Pulmonary arteriograms and wedge arteriograms of vessels in the lower zones of the lungs, compared with vessels in the upper zones, indicated that vessels in the upper zones were spared severe involvement. The localization of abnormalities of the vasculature was identical to that of abnormalities of flow indicated by scintiscans. 12 In two patients in this study, regional ventilatory studies with inhalation of 131Xe showed that the ventilatory defects were also located predominantly in the lower zones. Therefore, morphological studies (arteriograms), studies of pulmonary flow Circulation, Volume XLIII, February 1971 234 ALPHA, ANTITRYPSIN DEFICIENCY Figure 8 Wedge arteriograms of mid-zone vessel (top) and lower zone vessel (bottom), patient 5. Left, patient breathing room air. Right, patient breathing oxygen. Fine branches that were not apparent while breathing room air were visualized during administration of oxygen. This was confirmed on cine arteriograms, indicating that the increased visualization of fine branches was not caused by differences of timing of film with the single film technique. Diameter of lower zone arteries (bottom) near tip of catheter is 1.2 mm while patient is off oxygen, and 1.5 mm while on oxygen. Middle zone artery (top) shows the reverse. Diameter near tip while patient is off oxygen is 1.5 mm and while on oxygen is 1.9 mm. This lack of uniformiityl is unexplained.
(scintiscans), and ventilatory studies (xenon inhalation) showed that abnormalities of both the circulation and ventilation were located Circulation, Volume XLIII, February 1971 in the same portion of the lung. The patterin of abnormal pulmonary perfusion in these patients differs from that of most patienits with 235 STEIN ET AL. 
Figure 9
Cing wedge arteriogramn, patiett 1, shlowinig arte,iovenious shunt. Sample frames at 1110-sec intervals. Just after onset nf injection, artery is faintly outlined (upper left). Within 1/10 sec after injection, widely dilated veini is filled. The vein continues to be visualized throlughout the entire sequence (upper right and bottom). chronic obstructive pulmonary disease. Most patients sholi patchy and often unilateral alterations in regional perfusion, usually more severe in the upper zones than the lower zones.'3 14 Whether bilateral lowver zone hypoperfusion is a characteristic pattern of panacinar emphysema in general or of alpha, antitrypsin deficiency in particular has not yet been established.
Hemodynamic and wedge arteriographic studies showed that there was some spasm of the pulmonary arteries in this disease. The administration of oxygen was followed by a decrease toward normal of pulmonary arterial mnean pressure and pulmonary vascular resistance. Pulmonary wedge arteriograms showed a measurably increased diameter of the pulmonary arteries of 0.5 to 2 mm diameter in some patients. Similar observations followed the administration of aminophylline. Studies of the hemodynamic effects of aminophylline in chronic obstructive pulmonary disease (mixed population) have also shown a decrease of the mean pulmonary arterial pressure and pulmonary vascular resistance after infusions of aminophylline.'5> 16 Demonstration in this study and in studies of others of a partially reversible vasospastic component may be of therapeutic significance.
The technique of pulmonary wedge arteriography should be discussed since the abnormalities found in this study were based in part upon results of the wedge arteriograms. Studies of dogs in this laboratory with this technique showed that the pressure at the tip of the catheter varied between 300 and 400 mm Hg, which, of course, is higher than the pressure of blood flowing through these vessels. Hovever, no abnormal arteriovenous communications vere caused by this relatively high injection pressure in 20 normal dogs and in over 70 patients studied during cardiac used alone for wedge arteriograms, may be subject to errors of interpretation because of unavoidable variations of the exact volume and pressure of injections and the precise time at which films are recorded. It was for this reason that cine wedge arteriography was also performed. With this supplemental technique, these related problems of interpretation were largely eliminated.
The cause of the pulmonary hypertension and elevated pulmonary vascular resistance in chronic obstructive pulmonary disease stems mostly from a reduction in the pulmonary vascular bed.17 This may result from a reduction in the number, caliber, or expansibility of the small vascular channels.'7 A decreased number of pulmonary arterial branches and a diminished number of capillaries has been demonstrated in postmortem studies of patients with primary emphysema.5
Circulation, Volume XLIII, February 1971 Organic reduction of the vascular bed, therefore, contributes to pulmonary hypertension in such patients. Hypoxia, acidosis, and hypercapnea can contribute to pulmonary hypertension. [17] [18] [19] Vasodilators can partially reverse the pulmonary hypertension in patients with chronic obstructive pulmonary disease. '6' 17, 20 Therefore, pulmonary vasoconstriction also appears to contribute to the pulmonary hypertension in these patients. In this study, the observed angiographic abnormalities and the partially reversible nature of the pulmonary vascular resistance suggest that both structural changes and vasospasm may be of importance in the production of pulmonary hypertension in patients with alpha, antitrypsin deficiency.
It is important that we recognize that the majority of patients with chronic obstructive pulmonary disease have both bronchitis and emphysema. The pathophysiology of bronchi-237 '5 0 tis is different from that of emphysema, and the emphysema associated with alpha, antitrypsin deficiency may be different from other forms of emphysema. Whether vascular abnormalities precede or contribute to the development of parenchymal disease in these patients is a matter of conjecture.
The recognition of abnormalities in the small pulmonary arteries in this disease and the recognition of changes in diameter associated with increased flow and a reduction of pulmonary vascular resistance is of physiological significance. The site of the pulmonary vasculature that effectively causes an increased pulmonary pressure and increased pulmonary vascular resistance has been a subject of debate in the literature.2' Observations in this study, made by angiographic visualization of the vessels involved, suggest that the pulmonary arteries 0.2 to 2 mm in diameter may be one of the sites of arterial constriction responsible for pulmonary hypertension.
The etiology of emphysema in patients with alpha, antitrypsin deficiency has not been established, nor has the mechanism for the occurrence of a greater degree of vascular disease in the lower zones than in the upper zones. Eriksson suggested that the presence in serum of alpha, antitrypsin may prevent destruction of pulmonary tissue by naturally occurring proteases released by bacteria, macrophages, and leukocytes.' Alpha, antitrypsin has been shown to inhibit the action of leukocytic proteases,22 and the lung has been shown to sequester leukocytes under certain conditions.23 Since the lung is a filter for leukocytes, the dependent portion of the lung would filter the majority of leukocytes because flow normally is greater in the lower zones.2' If leukocytic proteases contribute to the destruction of the lung in the absence of the serum protease inhibitor, the lower zones might, therefore, be expected to suffer the greatest damage. The vascular disease of the lower zone, which this investigation demonstrates, may be a result of such a process.
